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can be broken down by
recombination. If recombination
and dispersal rates are very low,
there is only weak redistribution of
altruism genes between lineages
bearing different markers, and the
resulting association between rare
markers and higher levels of
altruism can be strong enough to
overpower the direct benefit of
common markers. Thus, in rather
restrictive conditions, marker
diversity is maintained and genetic
kin discrimination can be
stabilised. More generally,
however, the direct benefit for
common markers dominates, and
the recognition mechanism
destabilises, giving only a transient
benefit to the marker-mediated
altruism. Typically, increasingly
violent oscillations in the marker
diversity and average level of
altruism occur until one marker
dominates, after which there is
a steady decline and eventual loss
of altruism.
Interestingly, Rousset and
Roze [3] showed that genetic kin
recognition can be stabilised by
incorporating mutation into their
model, as the reappearance of lost
marker genes ensures the
maintenance of marker diversity.
Tuning the mutation rate from low
to high gives violent but stable
oscillations, followed by smaller
limit cycles, and finally a stable
evolutionary end point where
genetic kin recognition and
altruism are maintained. This
explains why some previous
simulation studies of genetic kin
recognition [10] generated
oscillating dynamics whereas
others [11] suggested a stable
equilibrium. More generally, the
authors showed that altruism is
only maintained at a reasonable
level when mutation rates are very
high.
But all is not lost for genetic kin
recognition. As Crozier [4]
suggested, the mechanism could
be stabilised by extrinsic
processes that maintain marker
diversity. Rousset and Roze [3]
have confirmed this by
incorporating an ad hoc advantage
to raremarkers into their model and
found that, provided this was
sufficiently strong relative to the
fitness consequences of altruism,
genetic kin recognition is
maintained and selflessness
prevails. This could explain why,
when genetic kin recognition does
occur, it often involves genes that
are implicated in host-parasite
interactions, a potent source of
strong balancing selection. The
paragon of genetic kin recognition
is the detection of major
histocompatibility (MHC) genes,
involved in immune function, upon
which rodents and humans appear
to decide their social and sexual
relationships [12–14]. If
cooperation has been the secret
to our evolutionary success, we
may have our parasites to thank for
that.
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Gap junctions mediate intercellular communication and are critical for
development and nervous system function. Initially thought to function
solely as stand-alone molecules, it has now been shown that a stomatin-
like protein regulates a gap junction channel in Caenorhabditis elegans.Kenneth R. Norman
and Andres Villu Maricq
Adjacent cells can communicate
with one another at specialized
contacts called gap junctions. At
these sites, gap junction proteins
make channels which connect theinterior of a cell to that of its
neighbor. Each cell provides
a hemi-channel which is composed
of six membrane-spanning protein
subunits and protrudes into the
extracellular space; alignment of
two hemi-channels from adjacent
cells forms the functional channel,
Dispatch
R813which by electron microscopy can
be seen associated with a uniform
2–4 nm gap between the two cells.
Gap junction channels are
relatively non-selective compared
to ligand-gated or voltage-gated
channels and allow ions and small
molecules such as cAMP to pass,
thus enabling electrical and
metabolic signaling. They are
found in almost all tissues and are
required for organ formation, and
electrical coupling in the nervous
system and between muscle cells
of the heart, where they contribute
to the coordinated spread of
muscle contraction. Gap junctions
are dynamic, and can be closed in
response to increased intracellular
Ca2+ or H+ concentrations; this
regulation may prevent injured
cells from harming their neighbors.
Gap junctions are favored by
evolution: their channels can be
formed from members of two quite
distinct protein families: the
connexins, which appear to be
specific to vertebrates, and the
pannexins/innexins, which occur in
both vertebrates and invertebrates.
Members of both of these families
of gap junction proteins are
thought to contribute to stand-
alone channels. But this view has
now been challenged by a study
published in Current Biology by
Wang and colleagues [1], which
has implicated a stomatin-like
protein in the regulation of an
innexin-based channel in the
nervous system andmuscles of the
nematode Caenorhabditis elegans.
While the function of the
connexins has been extensively
studied, much less is known about
the pannexin/innexin family. The
study of pannexins in vertebrate
models is complicated by the
co-expression of connexin
channels. Drosophila and
C. elegans, where the innexins
were first identified, provide
excellent systems for the study
of the pannexin/innexin family
because neither the Drosophila
or C. elegans genome encodes
a connexin family member [2]. The
C. elegans genome encodes 25
distinct innexin genes [2] and
mutations in several of these genes
are associated with defects in
development or the function of
the nervous system. For example,
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Figure 1. Model of UNC-1 regulation of UNC-9 gap junctions.
UNC-1 is a two pass transmembrane protein that is localized physically close to the
hexameric UNC-9 innexin gap junctions. UNC-1 likely regulates the gating of UNC-9
gap junctions by stabilizing the open form of the gap junction channel, thus allowing
the passage of ions and small molecules. In the absence of UNC-1 the UNC-9 gap
junction is closed. However, UNC-9::GFP fusion proteins form constitutively open
channels — perhaps steric hindrance by the tagged GFP molecule prevents closure
of the UNC-9 gap junction.the pharynx and are required for
synchronized muscle contraction
[3,4]; inx-3 is required for
embryogenesis [5]; nsy-5 is
expressed in the nervous system
and is required for left-right
neuronal asymmetry [6]. Animals
harboring mutations in both unc-7
and unc-9 have defects in
locomotion, altered sensitivity to
volatile anesthetics and resistance
to the antihelminthic ivermectin
[2,7,8]. Additionally, UNC-9 has
been found to participate in the
electrical coupling of the body wall
muscle cells of C. elegans [9].
Mutations in the gene unc-1
cause phenotypes similar to those
of unc-7 and unc-9 mutants
[7,8,10,11]. This phenotypic
similarity led Chen et al. [1] to
investigate whether UNC-1
participates in gap junction
signaling. UNC-1 is one of ten
stomatin-like proteins in C. elegans
(www.wormbase.org). Stomatin is
an integral membrane protein that
was first identified in erythrocytes
and mutations in human stomatin
are associated with a congenital
hemolytic anemia [12].
Erythrocytes from patients with
this disorder have an abnormalgradient of K+ and Na+ across the
plasma membrane, leading to the
speculation that stomatin may
regulate the function of an ion
channel [12]. Previous work from
Wang’s group [9] showed that the
gap junction protein UNC-9 is
important for small conductance
gap junction currents between
neighboring body wall muscle
cells, and that these small
conductances are important for
normal locomotion. In the new
study, Chen et al. [1] have found
that the electrical coupling
between body wall muscle cells is
inhibited to the same degree in
unc-1(lf)mutants, unc-9(lf)mutants
and unc-1(lf); unc-9(lf) double
mutants. These data suggest that
UNC-1 and UNC-9 are functioning
in the same genetic pathway to
regulate electrical coupling
between muscle cells.
How might UNC-1 regulate the
UNC-9 innexin gap junction
currents between neighboring
muscle cells? Two lines of
evidence suggest that UNC-1
might associate with UNC-9. First,
Chen et al. [1] found that UNC-1
and UNC-9 are co-localized at
intracellular junctions; second, by
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complementation assays, they
showed that UNC-1 and UNC-9 are
in close proximity to one another at
intercellular junctions. Together,
these data suggest UNC-1 may
regulate UNC-9 function or
localization. Importantly, they
found that UNC-9 was properly
localized in unc-1 mutants;
furthermore, UNC-1 was seen to
be normally localized in unc-9
mutants. So, because UNC-1
does not appear to have a role in
the synthesis, transport or
subcellular localization of UNC-9,
it may directly regulate the gating
of the UNC-9 gap junction
(Figure 1).
Intriguingly, Chen et al. [1]
found that, when they expressed
an UNC-9::GFP fusion protein in
body wall muscles, the transgenic
animals were nearly paralyzed,
even when the fusion protein was
expressed in an unc-1(lf) mutant.
These observations imply that the
introduction of GFP to the carboxyl
terminus of UNC-9 leads to a gain-
of-function protein that is leaky and
can bypass the need for UNC-1.
Indeed, unusually high currents
were observed when gap junction
conductances were measured in
unc-1(lf); unc-9(lf) double mutants
that expressed UNC-9::GFP
(Figure 1). The role of stomatins in
regulating ion channel activity may
not be limited to gap junctions. A
previous study [13] in C. elegans
revealed that MEC-2, another
stomatin-like protein, regulates
a mechanosensitive member of the
DEG/ENaC family of sodium
channels by modulating channel
gating. Additionally, UNC-1 itself
has been implicated in the function
of another mechanosensitive
channel of the DEG/ENaC family
in C. elegans [14,15]. And a study
of touch sensation in mice has
identified a stomatin-like protein
required for the modulation of an
ENaC channel [16]. It appears,
therefore, that stomatin-like
proteins have multiple roles inregulating the gating of ion
channels.
Gap junction proteins were once
thought to be stand-alone
channels that were modulated
solely by second messengers. The
identification of stomatin proteins
in this study has now provided an
intriguing new mechanism for the
regulation of gap junctions. The
challenge now will be to gain
a mechanistic understanding of
how UNC-1 regulates the gating of
gap junctions. It will be important
to determine the stoichiometry of
UNC-1–UNC-9 complexes, the
regulation of UNC-1 itself and
issues of specificity. Does UNC-1
modulate the gating of other
innexin subunits or channels, and
what are the targets of the other
stomatin-like proteins in C.
elegans? Interestingly, a recent
analysis [17] of the electron
crystallographic structure of
purified connexin26 gap junctions
revealed an electron density in the
pore. This density, which may be
formed by the amino terminus of
connexin, may act as a ‘plug’ that
can regulate the gating of the
channel. Future genetic and
structural studies should reveal the
mechanism of gap junction
regulation by stomatin-like
proteins; perhaps these proteins
directly interact with the plug
itself?
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